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Crossmodal Processing of Object Features in Human
Anterior Intraparietal Cortex: An fMRI Study
Implies Equivalencies between Humans and Monkeys
sensory modalities (Hyva¨rinen, 1981; Colby and Duha-
mel, 1996; Sakata et al., 1997; Andersen, 1997; Duhamel
et al., 1998; Bremmer et al., 2001a). Some of these stud-
ies implicate an area located in the anterior part of the
lateral bank of the IPS, the anterior intraparietal area
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(AIP), for visuomotor integration and object-related ac-2 C. and O. Vogt Brain Research Institute
tion. For example, neurons in AIP are sensitive to 3DUniversity of Du¨sseldorf
features of objects such as shape, orientation, and size40001 Du¨sseldorf
(Sakata et al., 1995; Murata et al., 1996). Specifically,3 Department of Neurology
“visual-motor neurons” (Taira et al., 1990; Murata et al.,Universita¨tsklinikum der RWTH Aachen
2000) have been observed in this area, which are active52074 Aachen
when objects are manipulated under visual control.Germany
Other neurons in AIP show sustained activity after short
visual object presentation, suggesting that this activity
may reflect visual short-term memory processes of 3DSummary
object features (Murata et al., 1996).
Since object-related visual and motor informationThe organization of macaque posterior parietal cortex
converge in macaque area AIP, it is reasonable to as-(PPC) reflects its functional specialization in integrat-
sume that this area may also play an important role ining polymodal sensory information for object recogni-
crossmodal transfer of information between the visualtion and manipulation. Neuropsychological and recent
and sensorimotor systems in humans. Such an assump-human imaging studies imply equivalencies between
tion is supported by an increasing number of functionalhuman and macaque PPC, and in particular, the cortex
imaging studies that suggest equivalencies between hu-buried in the intraparietal sulcus (IPS). Using functional
man and macaque intraparietal cortex (for a recent re-MRI, we tested the hypothesis that an area in human
view see Culham and Kanwisher, 2001). For example,anterior intraparietal cortex is activated when healthy
using functional magnetic resonance imaging (fMRI) wesubjects perform a crossmodal visuo-tactile delayed
have recently been able to identify in human ventralmatching-to-sample task with objects. Tactile or vi-
intraparietal cortex an area that responds to polymodalsual object presentation (encoding and recognition)
motion information (Bremmer et al., 2001b). The areaboth significantly activated anterior intraparietal cor-
was located in the depth of the intraparietal sulcus andtex. As hypothesized, neural activity in this area was
is likely to be the human equivalent of macaque area VIP.further enhanced when subjects transferred object in-
Using a visual surface discrimination task in humans,formation between modalities (crossmodal matching).
Shikata et al. (2001) observed activations of intraparietalBased on both the observed functional properties and
cortex, suggesting that areas AIP and CIP (caudal intra-the anatomical location, we suggest that this area in
parietal area) may have been activated by that task.anterior IPS is the human equivalent of macaque area
There already exist some functional imaging studies,AIP.
which aimed at localizing the human equivalent of ma-
caque area AIP (Binkofski et al., 1998; Ja¨ncke et al.,Introduction
2001; Shikata et al., 2001). Their results, however, differ
with regard to the exact localization of the areas acti-
Object recognition and manipulation are multimodal
vated and their relationship to the intraparietal sulcus
processes. For example, the search for a lipstick or
(and the postcentral sulcus, which is usually connected
coins inside one’s handbag or pocket can be performed with the anterior end of the IPS [Ono et al., 1990; Grefkes
by tactile exploration only. The process of finding the et al., 2001]). More importantly, none of these studies
object of interest is, however, facilitated when we know has specifically considered (and made use of) the poly-
what the object looks like. A number of neural processes modal characteristics of this area. Therefore, the activa-
may underpin such crossmodal facilitation. An eco- tions reported in these studies are likely to have included
nomic solution from an evolutionary point of view is to other functional aspects of object discrimination and
have one common site in the brain where both types of manipulation (e.g., action in space, depths cues, etc.),
information—vision and touch—for manipulation of an which are known to draw upon posterior parietal cortex,
object converge. In humans, the neural correlates for too, but which may not be specifically computed in area
such a transfer of object information between modalities AIP. This issue is further complicated by recent evidence
(crossmodal information transfer) remain to be eluci- that the left supramarginal gyrus and its neighboring
dated. areas in anterior inferior parietal cortex are also involved
In macaques, by contrast, the posterior parietal cortex in aspects of motor attention (Rushworth et al., 2001a).
(PPC), and especially its areas within and adjacent to Accordingly, we designed a functional imaging experi-
the intraparietal sulcus (IPS), is known to be crucially ment that specifically aimed at investigating crossmodal
involved in the integration of neural signals from different object information processing. Based on the macaque
literature (Murata et al., 1996, 2000; Sakata et al., 1998,
1999), we hypothesized that such crossmodal object4 Correspondence: g.fink@fz-juelich.de
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in the crossmodal conditions by means of a conjunction
analysis (Price and Friston, 1997). Cognitive conjunction
experiments are designed such that two or more distinct
task pairs each share a common processing difference
(in our case, crossmodal information transfer between
the visual and sensorimotor systems and vice versa).
The neural correlates of the processes of interest are
then associated with common areas activated in each
task pair. Thus, in the present study, the intramodal
conditions (those conditions in which no crossmodal
transfer of object information was required, i.e., VV and
TT) could alternatively be interpreted as some kind of
“high-level” control conditions for each of the two cross-
modal tasks (VT, TV). We hypothesized that the neural
activity in the putative human equivalent of macaque
area AIP should be enhanced during the latter two condi-
tions, although the area may also show some neural
activity during the pure visual (VV) and the pure manipu-
lative (TT) tasks, since in monkeys this area contains
Figure 1. Three Examples of the Objects Used for Stimulation also “visual-dominant” and “motor-dominant” neurons
Each object (left) had a similar, but different, counterpart (right) that (Taira et al., 1990). As the volunteers used their right
could be discriminated due to differences in shape and size but not hand for the object manipulation only, we also expected
due to weight, texture, etc. For visual stimulation, objects were the activations to be predominantly in the left hemi-
presented on a video screen. For tactile stimulation, objects were sphere.
manipulated by the volunteers, using their right hand. During all
conditions (except baselines), subjects were asked to fixate on the
Resultswhite cross in the center of the image in order to control for eye
movements.
Task Performance
The analysis of subjects’ performance (ANOVA on ranks)
during the fMRI experiment showed no statistically sig-information processing would result in increased neural
nificant differences (p  0.11) in the rate of correct an-activity in the anterior part of the lateral bank of the IPS.
swers between crossmodal (correct responses 83.7%To test this hypothesis, we measured changes in neural
[mean], SD  6.6%; mean reaction time  2145 ms,activity in normal volunteers using fMRI while subjects
SD  282 ms) and intramodal (correct responses performed a crossmodal delayed matching-to-sample
85.9% [mean], SD  6.6%; mean reaction time  2125(DMS) task that involved object encoding and recogni-
ms, SD  358 ms) object recognition. Additionally, notion. For visual and tactile object encoding and recogni-
significant increases of task performance (p  0.23) ortion, abstract objects like pyramids, triangles, squares,
reaction time (p  0.75) as a result of training wereand other geometrical patterns were used (Figure 1).
observed during scanning, since subjects had been ex-The volunteers were asked to encode an object either
tensively trained before scanning.visually or by tactile manipulation. After 5 s, the object
was removed and—with a delay of 1 s—replaced by
either the same or a different object. Subjects were then Modality-Specific Activations
Significant (n  12; p  0.05, corrected for multiplegiven a 5 s recognition period during which they were
asked to assess the new object either visually or by comparisons) modality (visual, tactile)-specific activa-
tions were assessed using statistical parametric map-tactile manipulation and to decide (and indicate via but-
ton press) whether or not the new object was identical ping (SPM 99; Wellcome Department of Cognitive Neu-
rology, http://www.fil.ion.ucl.ac.uk) and a randomwith the one presented before (cf. Figure 1). This renders
four combinations of object encoding and recognition: effects model. This model compares the mean activation
to the intersubject variation in that activation. Only acti-visual encoding, visual recognition (VV); tactile encod-
ing, tactile recognition (TT); visual encoding, tactile rec- vations that show consistent positive parameter esti-
mates across all subjects survive that model; missingognition (VT); and tactile encoding, visual recognition
(TV). In the latter two conditions, object-related informa- activations in one or more subjects inflate the error vari-
ance and therefore reduce the t value. Thus, significanttion had to be transferred between the visual and senso-
rimotor processing circuits since other features such as activations allow inferences not only about the sample
but also for the general population (Friston et al., 1999a,color or texture were not available for alternative object
recognition strategies. 1999b).
Visual stimulation (object encoding and recognition,Note, this experiment was specifically designed to
reveal neural activity common to the two crossmodal VV) relative to tactile stimulation (TT) increased neural
activity in a bilateral visual processing network includingconditions (VT, TV) in which object properties were en-
coded in one modality but had to be transferred subse- occipital cortex, parietal cortex, temporal cortex, and
frontal cortex, thus comprising both ventral and dorsalquently into another modality for the purpose of object
recognition. Accordingly, the design of the experiment visual pathways (Ungerleider and Mishkin, 1982). Like-
wise, tactile stimulation (object encoding and recogni-primarily aims at revealing areas preferentially activated
Crossmodal Processing in Intraparietal Cortex
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Table 1. Neural Activity Associated with Visual and Tactile Stimulation
Visual Stimulation  Tactile Stimulation (VV  TT)
Side x y z Z score T value
Striate cortex R 10 96 4 inf 37.12
L 4 94 4 inf 34.18
Extrastriate cortex R 24 92 16 inf 42.74
L 20 98 12 inf 46.06
Occipitotemporal junction R 40 82 6 inf 25.52
L 40 88 0 inf 38.58
Occipitoparietal junction R 26 54 40 7.71 8.60
L 24 58 42 6.47 6.98
Fusiform gyrus R 32 48 20 inf 26.15
L 32 52 20 inf 26.57
Gyrus hippocampi R 30 4 46 inf 9.58
L 32 4 44 inf 9.74
Superior frontal gyrus R 14 62 38 6.42 6.92
L 18 60 34 7.74 8.64
Medial frontal gyrus R 42 26 48 6.22 6.68
L 38 24 48 inf 11.45
Inferior frontal gyrus L 40 22 26 inf 9.42
Posterior cingulate cortex R 8 32 64 6.82 7.43
L 4 24 58 7.51 8.33
Tactile Stimulation  Visual Stimulation (TT  VV)
Side x y z Z score T value
Motor cortex L 38 18 60 inf 68.25
SI R 48 30 60 inf 24.59
L 42 28 60 inf 62.97
SII R 56 16 12 inf 28.69
L 56 16 14 inf 34.98
Dorsal premotor cortex R 36 6 62 inf 24.45
L 30 8 64 inf 44.69
Ventral premotor cortex R 62 16 14 inf 21.34
L 58 12 18 inf 14.90
Anterior cingulate cortex L 4 2 48 inf 31.53
Prefrontal cortex R 28 54 22 inf 9.41
L 32 50 20 6.54 7.08
Superior temporal gyrus R 54 22 14 inf 11.12
L 54 54 4 inf 11.75
Supramarginal gyrus R 64 40 20 inf 20.66
L 50 36 16 inf 11.48
Parieto-occipital sulcus L 12 72 24 5.76 6.12
Cerebellum R 22 52 32 inf 43.39
L 20 58 30 inf 15.16
Thalamus R 10 14 0 inf 11.15
L 14 18 2 inf 18.55
Striatum R 22 2 12 5.65 5.98
L 26 0 12 inf 11.46
tion, TT) relative to visual stimulation (VV) activated a kofski et al., 1998, 1999; Shikata et al., 2001; Ja¨ncke
bilateral sensorimotor processing network comprising et al., 2001). The extent of the ROI was based upon
parietal cortex, temporal cortex, frontal cortex, the basal macroanatomical data given by the atlas of Ono et al.
ganglia, and the cerebellar hemispheres. Table 1 sum- (1990): a sphere of 60 mm diameter was considered to
marizes the regions activated by the respective condi- be sufficient.
tions. A conjunction analysis (Price and Friston, 1997) of the
crossmodal conditions (VT, TV) relative to either intramo-
dal condition (VV, TT) should reveal those voxels thatNeural Activity Specific to the Crossmodal
are common to the two crossmodal tasks and showTransfer of Information
increased neural activity compared with the unimodalThe aim of this study was to test the hypothesis that an
tasks. Increases in neural activity are thus specificallyarea in human anterior intraparietal cortex is specifically
related to the crossmodal transfer of information be-activated by a crossmodal (visuotactile) matching task.
tween the visual system and the sensorimotor system.Therefore, the intraparietal sulcus was defined as region
For this analysis we calculated the conjunctions of [VTof interest (ROI). The center of gravity of this ROI was
VV] [TV TT] and [VT TT] [TV VV], respectively.defined according to the mean coordinates of the differ-
Both conjunctions revealed the hypothesized increaseent local maxima provided by previous studies which
in neural activity in the anterior aspect of the left intrapa-reported activations in anterior intraparietal cortex and
which were considered to correspond to area AIP (Bin- rietal sulcus (n  12; p  0.05, corrected for multiple
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comparisons using a small volume correction (SVC): Single Subject Analysis
Although a random effects model (in contrast to a fixed[VT  VV]  [TV  TT], Z score  3.78; [VT  TT]
effect model) does not require a validation of the group [TV  VV], Z score  3.79) (Worsley et al. 1996). A
results by applying the same contrasts on the singleconjunction of both simple conjunction analyses ([VT 
subject data, we nevertheless performed a single sub-VV]  [TV  TT]  [VT  TT]  [VT  VV]) confirmed
ject analysis in order to further explore the anatomicalthat the anterior lateral aspect of left IPS is specifically
location and variation of the activated areas betweenactivated (p  0.05, SVC corrected, Z score  4.29) by
subjects.the crossmodal conditions over and above its levels of
All twelve subjects showed a pattern of neural activa-activation in the unimodal conditions (Figures 2A–2D).
tions consistent with the group result. The analysis ofNo other areas with increased neural activity associated
the simple main effects (visual stimulation [VV  TT],with crossmodal transfer were observed in the entire
tactile stimulation [TT  VV]) demonstrated increasedbrain volume.
neural activity (p  0.01, uncorrected) in the relevantSuperimposition of functional and anatomical (mean
primary, secondary, or higher cortices as mentionedand single subject) images of the same group of subjects
above for the group. The conjunction analyses for eachnormalized to the same stereotactic reference space
individual single subject data showed that crossmodal(Talairach and Tournoux, 1988; Friston et al., 1995a)
transfer of object information activated the left anteriordemonstrated that the local maximum of the observed
intraparietal sulcus in all 12 subjects (p  0.01, uncor-activation lies on the lateral bank of the (left) IPS (Talai-
rected; for subjects 05 and 09, p  0.05, uncorrected).
rach coordinates x  40, y  42, z  36). A plot
Due to the well-known interindividual variability of mac-
of the relative BOLD signal changes (Figure 2E) illus- roanatomical (gyri, sulci) and microanatomical (areas)
trates that this area is significantly more active during structures, the center of gravity varied between subjects
the two crossmodal conditions (VT, TV) than during the but was always found in anterior parts of the intraparietal
two intramodal conditions (VV, TT). There was no statisti- sulcus. Figure 3 illustrates the activations in the anterior
cally significant difference between the levels of neural aspect of the intraparietal sulcus in the 12 subjects. The
activity of the two conditions associated with crossmo- figure shows that individual hAIP lies in the lateral wall
dal information transfer (from vision to touch [VT] and of the intraparietal sulcus close to the fundus. In three
from touch to vision [TV], p  0.05). cases (cf. subjects 01, 07, and 10, Figure 3) a bilateral
The BOLD responses can also be interpreted as show- activation was observed within the intraparietal sulcus.
ing an interaction pattern (Figure 2E). Indeed, a post hoc
analysis of the interaction term (VV  VT  TV  TT) Discussion
revealed a significant (p 0.05, SVC corrected) interac-
tion of the two “factors” encoding and recognition in The aim of the present study was to test the hypothesis
left anterior intraparietal cortex (x  42, y  38, that an area in human anterior intraparietal cortex is
z  38; Z  3.92). Further areas showing a significant specifically activated by object-related crossmodal in-
(p 0.05, corrected for whole-brain volume) interaction formation transfer between the two senses “vision” and
were observed in the right cerebellum, the left precentral “touch.” By means of conjunction analyses, we identi-
fied an area in the lateral bank of the anterior intraparietalgyrus, the posterior wall of the left postcentral sulcus,
sulcus that showed significantly increased neural activ-and in the left SII. Inspection of the BOLD responses of
ity during object-related crossmodal information pro-these regions, however, showed high positive signal
cessing over and above the level of neural activity inchanges in TT, low positive signal changes in VT and
this area during unimodal object-related informationTV, and a strong negative BOLD signal change in VV.
processing. Based on both the functional characteristicsThus, the deactivation in VV mathematically counterbal-
observed and its anatomical location we suggest thatances for the high signal in TT and thereby leads to a
this area is the human equivalent of macaque anteriorrelative surplus of VT and TV. Although such a pattern
intraparietal area (AIP), which is known to respond spe-of BOLD responses also demonstrates a significant in-
cifically to polymodal object-related information pro-teraction of the factors encoding and recognition, the
cessing and which lies in the lateral bank of the anterioractivation pattern observed in these areas does not re-
portion of macaque intraparietal sulcus.flect increased crossmodal processing, but rather, a
In nonhuman primates, the intraparietal sulcus con-
strong unimodal (sensorimotor) BOLD response weak-
sists of a number of functionally distinct areas that have
ened by increased visual processing demands. In this been extensively characterized by means of their elec-
context, one should keep in mind that the two factors, trophysiological and anatomical properties. These areas
encoding and recognition, also include differences in are related to visually guided hand-manipulation tasks
stimulation (visual and tactile), as the blocked design and processing of 3D shapes (anterior intraparietal area
did not allow us to separate the hemodynamic response [AIP]) (Taira et al., 1990; Gallese et al., 1994; Murata et
function associated with encoding and recognition per al., 2000), polymodal motion processing (ventral intrapa-
se. Accordingly, the conjunction analysis approach ap- rietal area [VIP]) (Bremmer et al., 1997; Duhamel et al.,
plied above is much more suitable for detecting cross- 1998), saccades and visuo-spatial attention (lateral in-
modal activations in the present study design since each traparietal area [LIP]) (Colby et al., 1996), grasping of
element of the conjunction terms consists of two condi- objects (medial intraparietal area [MIP]) (Snyder et al.,
tions only (a crossmodal minus an intramodal condition, 1997), and orientation of objects (posterior or caudal
see above), an effect as described above for the interac- intraparietal area [PIP or CIP]) (Kusunoki et al., 1993,
Soc. Neurosci., abstract; Sakata and Taira, 1994).tion contrast (VV  VT  TV  TT) is thus prevented.
Crossmodal Processing in Intraparietal Cortex
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Figure 2. Crossmodal Transfer of Object Information
Cortical activations associated with crossmodal transfer of object information were identified employing a conjunction analysis. Accordingly,
those voxels that were common to the two crossmodal tasks (VT and TV) compared to the intramodal tasks (VV and TT) underwent statistical
analysis ([VT  VV]  [VT  TT]  [TV  VV]  [TV  TT]). The only significant activation (p  0.05, corrected for multiple comparisons
applying a small volume correction [Worsley et al., 1996], Z score 4.29) associated with crossmodal transfer for the group (n  12) was
found in the left intraparietal sulcus (x  40, y  42, z  36, [A and B]), whereas no activation was detected on the right hemisphere
(search threshold, p  0.001, uncorrected) as shown on the SPM glass brain. (C) A projection of this activation onto a 3D surface rendering
of a normalized single subject brain (subject 12) illustrates the localization in the anterior part of the left intraparietal sulcus (IPS) close to the
postcentral sulcus (POS). Note, that the true position of the activation is in the lateral wall of the IPS as demonstrated in (D) and not on
the surface. (D) A coronal section (y  42) through the group’s normalized mean anatomical MR demonstrates that the activation lies on
the lateral wall of the IPS. (E) Plots of the relative signal change of the BOLD signal in the local maximum (x  40, y  42, z  36)
confirms that human AIP is significantly more active during crossmodal transfer of object information than during intramodal object processing.
Error bars indicate the SEM. L, left; R, right; A, anterior; P, posterior; cs, central sulcus; spl, superior parietal lobule; ipl, inferior parietal lobule;
ips, intraparietal sulcus.
With respect to the polymodal object-related task of tion and manipulation of objects (Sakata et al., 1995),
and which are highly responsive to both size and shapethe present study, area AIP, which is located in the
lateral bank of the anterior intraparietal sulcus, is the of objects (Murata et al., 2000). These neurons can be
further subdivided into three groups according to theirarea of interest for both electrophysiological and ana-
tomical reasons. Electrophysiologically, in this area, functional (sub-)specialization. “Motor-dominant” neu-
rons discharge to fairly similar degrees during objectneurons have been described that are active during fixa-
Neuron
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Figure 3. Single Subject Data Showing Individual Activations in the Anterior Part of the Intraparietal Sulcus
As revealed by conjunction analysis, significant activations in anterior parts of the intraparietal sulcus were observed across all subjects (A–L).
For each subject, this area of activation (white circle) was superimposed on a horizontal section of the individual anatomical MR image after
stereotactic normalization into standard space (Talairach and Tournoux, 1988). The coordinates of the local maximum is given below each
subject’s image. L, left; R, right; A, anterior; ips, intraparietal sulcus.
manipulation in the light and in the dark. By contrast, macaque area AIP also show sustained activity following
a brief visual presentation of an object and—after a“visual-dominant” neurons discharge during object ma-
nipulation tasks in the light, but not in the dark. Finally, delay of some seconds—tactile exploration thereof. The
latter behavioral response pattern has been taken as an“visual-and-motor” neurons are less active during ob-
ject manipulation in the dark than in light. The latter two indicator of some kind of “short-term memory” pro-
cesses for 3D object features (Murata et al., 1996). Ana-classes of neurons also respond to fixation of an object
without grasping it. Importantly, some of the neurons in tomically, macaque area AIP is connected to ventral
Crossmodal Processing in Intraparietal Cortex
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premotor cortex (Matelli et al., 1986) and to several so- bilateral superior posterior parietal cortex (Gurd et al.,
2002) rather than anterior inferior parietal cortex.matosensory areas like unimodal somatosensory cortex
Studies in which the authors have attempted to iden-(area 3a, 1, 2), secondary somatosensory cortex (SII),
tify hAIP already exist. For example, using fMRI, Binkof-area 5 and area 7 (Lewis and Van Essen, 2000a), i.e.,
ski et al. (1998) found activations (Talairach coordinatesareas which are involved in tactile shape processing
x  45, y  35, z  43) in anterior intraparietaland grasping movements. Thus, for both anatomical
sulcus when volunteers performed an object graspingand electrophysiological reasons, area AIP constitutes
task. In another experiment, Binkofski et al. (1999) re-a suitable candidate for the polymodal convergence of
ported activations in the left anterior intraparietal sulcusobject shape information processing. It is the combina-
(Talairach coordinates x40, y40, z40) duringtion of both the anatomical location (i.e., increased neu-
right hand manipulation of complex objects. Grafton etral activation in the lateral bank of anterior intraparietal
al. (1996) demonstrated activations in left rostral inferiorsulcus) and the functional response properties (i.e., 3D
parietal cortex (BA 40) during observation of precisionshape processing of objects during fixation and manipu-
grasping of common (i.e., real) objects performed by thelation) of macaque area AIP that strongly supports our
experimenter. Shikata et al. (2001) revealed activationsinterpretation of the area found in the present study as
in anterior intraparietal sulcus (mean Talairach coordi-the human equivalent of macaque area AIP (hAIP).
nates x37, y40, z47) when subjects discrim-The activation in anterior intraparietal cortex in our
inated surface orientation of visual stimuli in a delayedstudy can neither be ascribed to increased mental rota-
matching-to-sample task. Ja¨ncke et al. (2001) employedtion demands during the crossmodal task, differential
fMRI in a set of manual and imaginative sensorimotorspatial components of the task, differential eye move-
tasks in the absence of visual guidance. Recognition orments, nor supramodal task switching aspects. When
construction of 3D shapes and imagination of the samedesigning the experiment, we ensured that all conditions
processes activated areas along the posterior and ante-necessitated mental rotation: both the crossmodal and
rior intraparietal sulcus, although the activation in thethe intramodal conditions involved mental rotation as
anterior intraparietal sulcus (x  40, y  44, z object orientation was changed between the encoding
40) was not significant during imagery. Bodegard etand recognition phase of each trial. That no activation
al. (2001) found an area in anterior intraparietal cortexof other areas previously associated with mental rotation
(x  30, y  42, z  34) that was activated whenwas detected (e.g., frontal eye field, V5/MT, BA 7, extra-
subjects discriminated different shapes of objects usingstriate visual areas [Cohen et al., 1996], and posterior
their hand. The authors came to the result that this areaintraparietal cortex [Jordan et al., 2001]) provides further
(and another area on the supramarginal gyrus) constituteempirical evidence for our conjecture that the effects
the final steps of tactile shape processing. Interestingly,observed in IPS are not consequent upon differential
Bodegard et al. (2001) did not attribute the activation inmental rotation demands. The crossmodal enhance-
the IPS to area AIP since no activation was observedment of left IPS activity is also unlikely to result from
during visual object matching. In the present study, how-differential spatial attention demands or nonspatial
ever, we could show an increase in neural activity ofshifting of selective attention between visual and tactile
anterior intraparietal cortex during pure visual stimula-attributes since such processes do not exclusively acti-
tion relative to the low-level baseline (VV, see Figurevate left anterior IPS (as shown in Figures 1A and 1B).
2E), a fact that further supports our interpretation ofThe areas activated in spatial attention tasks are more
having activated hAIP (see above, Sakata et al. 1997).posterior and superior than the activation observed here
Leaving aside the variability of the exact localization(Corbetta et al., 1993; Fink et al., 2000) and typically
of the areas activated in these studies, as some of theare bilateral or show right hemispheric dominance. For
differences might be ascribed to interindividual variabil-example, posterior parietal cortex is implicated in the
ity of cortical areas (Roland and Zilles, 1996; Grefkes et
switching of attention between different spatial locales
al., 2001), different objects used, and different tasks
(Posner and Petersen, 1990; Corbetta et al., 1995; Van-
performed etc., none of these studies exclusively acti-
denberghe et al., 2001) and between global and local vated hAIP, but rather, revealed increases in neural ac-
aspects of hierarchically organized visual stimuli (Fink tivity along the IPS that may have included hAIP: all
et al., 1996, 1997). The localization of the activation in these studies used tasks and control tasks that led to
left anterior inferior intraparietal sulcus also speaks task-associated increases in neural activity in a whole
against a differential eye movement effect: differential network of (polymodal) cortical areas (see, e.g., Simon
eye movements between conditions typically result in et al., 2002), rather than selectively activating area AIP.
bilateral more superior activations in posterior parietal The result we obtained making use of the polymodal
cortex (Corbetta et al., 1998) and in the frontal eye fields characteristics of area AIP is in good accordance with
(Paus, 1996). Likewise, switching attention from vision a recent human fMRI study performed by Macaluso and
to touch or from touch to vision is known to involve Driver (2001) who identified common effects for vision
parietal cortex. However, increases in neural activity and touch by testing for a main effect of side stimulation
associated with crossmodal attention have previously after simple unilateral stimulation. For tactile stimula-
been demonstrated to activate a whole network of areas, tion, air puffs to either thumb were applied; for visual
e.g., in superior occipital gyrus, occipito-temporal junc- stimulation LEDs attached to either thumb were used.
tion, frontal cortex, and posterior superior parietal cortex When pooling across modalities, the resulting activation
(DiGirolamo et al., 2001; Rushworth et al., 2001; Maca- was not only strictly contralateral to the side stimulated
luso et al., 2002). Finally, a recent study demonstrates but was also situated in anterior parts of the intraparietal
sulcus. The data thus support the notion of posteriorthat supramodal aspects of task switching draw upon
Neuron
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parietal cortex being a polymodal information pro- sively trained before scanning (which, e.g., was not the
case in the study of Lepage et al., 2001).cessing site. The results are also compatible with our
observation of visuotactile integration in hAIP. The task used in the present study is undoubtedly
different from those used to study monkey area AIPOther studies that have dealt with crossmodal object
recognition have so far failed to observe activations of since our subjects did not perform a grasping movement
under visual control. Human imaging studies that useareas in the intraparietal sulcus. For example, Hadjik-
hani and Roland (1998) used positron emission tomogra- tasks also employed to study monkey area AIP already
exist (e.g., Binkofski et al., 1998), but activated a wholephy (PET) to identify neural activity when volunteers
matched spherical ellipsoids within or across the visual cortical network of premotor, sensorimotor and (intra-)
parietal areas rather than isolating human AIP. In theor tactile modality. They observed only one cluster of
activation during the crossmodal transfer conditions, present study, using a visual and somatosensory shape-
processing task rather than a pure grasping task, wewhich was situated in the right insular region with a
center of gravity near the claustrum. There was no brain demonstrate an activation in anterior intraparietal cortex
(rather than a whole network of areas), which fulfills allregion activated during all conditions (intramodal and
crossmodal tasks). At variance, we found no activation response characteristics observed for macaque area
AIP: the area is activated by object shape processingin the claustrum or insular cortex during our crossmodal
matching task, but rather, observed the expected in- irrespective of the tactile of visual domaine and shows
short-term memory functions. These functional charac-crease in neural activity in the anterior aspect of the
intraparietal cortex. This area, which we suggest to be teristics make it unlikely that the area activated could
correspond to other modules in IPS (e.g., VIP or LIP).hAIP, was differentially more active during the crossmo-
dal transfer conditions than during intramodal condi- Moreover, the anatomical position of hAIP according to
the present study is similar to that of monkey AIP, ations (TT, VV). However, the area was also active during
the intramodal conditions (relative to the low-level base- finding that may help to identify hAIP histologically by
means of post mortem studies of human cytoarchi-line). When discussing these discrepant findings, it is
worth remembering that in the study of Hadjikhani and tecture.
The differences between the task employed in theRoland (1998) (and also in other studies, see, e.g., Banati
et al., 2000), stimuli for visual-tactile matching were pre- current study and the tasks typically employed to study
macaque area AIP may also help to explain the lacksented simultaneously, whereas in the present study,
stimuli were presented one after another. Since some of activation of another area typically associated with
visuomotor integration in the macaque: the ventral pre-neurons in monkey area AIP have been shown to per-
form short-term memory functions for 3D shapes (Mur- motor cortex (area F5, PMvr, area 6 Val). This area is
strongly interconnected with area AIP (Matelli et al.,ata et al., 1996), we hypothesize that similar processes
may have contributed to the activation we observe in 1986; Lewis and Van Essen, 2000a), responsive to so-
matosensory and visual stimuli, and predominantly acti-anterior intraparietal cortex. Exploiting these functional
characteristics described in the macaque may thus have vated by specific types of grasping movements. For
example, the largest population of F5 neurons (so-calledenhanced our chances of activating and isolating hAIP.
Unlike in the case of area VIP, which really is a polysen- “grasping-with-the-hand-neurons”) show the strongest
discharge during a precision grip (opposition of indexsory area representing space around the body and its
parts (Bremmer et al., 2001a), a simple polymodal con- finger and thumb) and almost no response during a
whole hand prehension (flexion of all fingers around anvergence may not be enough for information transfer of
3D shapes and a specific activation of area AIP. object) (Rizzolatti et al., 1988; Luppino et al., 1999). The
latter movement pattern is, however, more similar to theA recent encoding-retrieval PET study performed by
Lepage et al. (2001) had problems identifying brain re- tactile component of the tasks of the present study and
may be another reason for the missing activation of areagions related to crossmodal object recognition pro-
cesses. In this study, volunteers encoded a set of ten F5/PMvr in our study.
Lesions centered upon left human anterior intraparie-objects one after another during a given scan either in
the visual or tactile modality, and subsequently identi- tal sulcus lead to impaired object grasping, with reach-
ing being less impaired (Binkofski et al., 1998). Otherfied these objects in another set of stimuli, again either in
the visual or tactile modality. The analysis of crossmodal deficits observed following anterior parietal cortex dam-
age include pure tactile apraxia (i.e., impaired activeinformation transfer did not show a clear pattern of brain
activity. The authors attributed their result to the possi- tactile shape recognition without tactile agnosia) (Va-
lenza et al., 2001) and tactile agnosia (i.e., a loss ofbility that subjects did not retrieve enough object infor-
mation from memory and therefore did not sufficiently tactile shape representations) (Reed and Caselli, 1994;
Caselli, 1997). These behavioral deficits suggest thatactivate the relevant brain regions. This line of argument
was supported by the poor behavioral performance of area AIP is involved in the creation of a “pragmatic
representation” of objects, in which the intrinsic objectthe subjects: crossmodal object recognition was low.
Another explanation discussed by Lepage et al. (2001) properties (e.g., size, shape, and orientation) are coded
to allow the selection of the appropriate grasping move-may lie in the limited sensitivity of PET for such compari-
sons (an argument which would also apply to the other ment (Jeannerod et al., 1995). Typically, the lesions un-
derlying such syndromes extend beyond inferior ante-PET studies mentioned above). In our fMRI study, sub-
jects’ performance was excellent and did not signifi- rior parietal cortex into the supramarginal gyrus and
the angular gyrus (Caselli, 1991,1993; Reed and Caselli,cantly differ between crossmodal and intramodal condi-
tions. One reason for the good behavioral performance 1994).
The current experiment extends those neuropsycho-of our subjects might be that subjects had been exten-
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normalization. The study was approved by the ethics committeelogical studies by specifying an area in the anterior infe-
of the University Hospital, Heinrich-Heine-Universita¨t (Du¨sseldorf,rior parietal lobe that may be involved in the interaction
Germany).between visual and somatosensory shape processing.
Unfortunately, to date, very few studies have investi-
Stimuligated impairments of crossmodal object recognition in
The objects used for stimulation during the fMRI experiment con-
human patients with parietal lesions. Interestingly, in sisted of small wooden spheres (diameter 15 mm) with a smooth
some of these studies, the patients had problems recog- surface. These spheres were glued together yielding abstract ob-
jects such as triangles, pyramids, cubes, polygons, etc. (Figure 1)nizing objects (that had been visually presented) by tac-
that could be comfortably and completely explored using one hand.tile exploration (Butters and Brody, 1968; Butters et al.,
The smallest object contained only three spheres, the largest object1970). These studies clearly suggest that parts of the
18 spheres. The size of the stimuli did not exceed three spheres inparietal lobe are involved in somatosensory shape rec-
two axes and two spheres in the third axis, hence having a maximum
ognition. Furthermore, McNally et al. (1982) found signifi- size of 4.5  4.5  3.0 cm. Each object had a similar but different
cant impairments when patients performed a crossmo- counterpart (cf. Figure 1) that differed in the arrangement of at least
one sphere. Importantly, we ensured that the two counterparts coulddal transfer in the direction of vision to touch but not in
not be discriminated according to their weight or texture but onlythe other direction. As neuropsychological studies of
by their different shapes. A total of 80 different objects were used.patients with lesions of posterior parietal cortex have
Each object was photographed on a white background with arevealed a variety of crossmodal deficits in sensorimotor
digital camera (Olympus C-1400 L, Olympus Image Systems, CA)
behavior, e.g., neglect and extinction (Driver and Mat- from two different points of view (camera distance about 30 cm).
tingley, 1998), our data strongly suggest that patients Care was taken to capture all object-specific characteristics; thus
no important features were hidden. The resulting images (JPEGwith tactile apraxia or tactile agnosia should also be
format, 24 bit, 144 dpi, 1280 1024 pixel) were edited with an imagetested systematically for crossmodal deficits.
processing software (Corel Photopaint 9, Corel Corp., Canada). AfterIn summary, the present study shows that crossmodal
correcting for brightness and contrast, a white fixation cross wastransfer between visual and tactile systems activates an
inserted into the center of each image. Finally, all images were
area in the anterior aspect of the human intraparietal changed into PCX format (8 bit, 150 dpi, 352 352 pixel). The whole
sulcus, which we suggest to be the human equivalent set consisted of 160 colored images. Prior to the fMRI experiment,
all stimuli were extensively tested for their suitability/difficulty onof macaque area AIP. Area hAIP became particularly
twelve volunteers (seven female and five male). These persons didactive when a crossmodal transfer from the visual to
not take part in the functional imaging study.the tactile domain and vice versa was necessary, as
shown by the conjunction analyses. After the identifica-
Task and Study Designtion of hVIP (Bremmer et al., 2001b), hAIP is a further
Subjects (n  12) were asked to encode either visually or tactuallypolymodal area in the cortex lining the intraparietal sul-
and, subsequently, identify the objects, again either visually or tactu-
cus. Unfortunately, data on the anatomical organization ally. MEL software (MEL Professional, Psychology Software Tools
of the intraparietal sulcus with respect to, e.g., cytoarchi- Inc., Pittsburgh, PA) was used for visual stimulus presentation. Sub-
jects viewed the display (diameter of 29 cm, horizontal visual angletecture or receptor autoradiography is scarce (Zilles and
of 60, and vertical visual angle of 30) from a distance of 25 cm (14Palomero-Gallagher, 2001). The old maps of the human
cm screen to mirror, 11 cm mirror to subject’s eyes; the mirrorcortex from the beginning of the last century (Brodmann,
reflected the stimulus display in correct orientation). One of the four1909; von Economo and Koskinas, 1925) do not differen-
possible combinations of encoding and recognizing objects in the
tiate intraparietal areas like AIP, VIP, LIP, MIP, or CIP, different sensory modalities was performed during each block of
as it is the case in monkeys (see, e.g., Lewis and Van the fMRI experiment: (1) visual encoding and visual recognition (VV),
(2) visual encoding and tactile recognition (VT), (3) tactile encodingEssen, 2000a, 2000b). Clearly, such anatomical studies
and visual recognition (TV), and (4) tactile encoding and tactile rec-are now needed to establish a link between posterior
ognition (TT). Between conditions, baselines were introduced inparietal cortex function and its underlying neuroanat-
which the instructions for the subsequent tasks were presented toomy. Furthermore, functional studies should be de-
the subjects; apart from silent reading of the instructions, no other
signed which aim at activating different IPS regions (e.g., task was performed during baselines. These baselines also pre-
AIP and VIP) within the same experiment in order to vented an overlap of neural activity between conditions and there-
fore separated the cerebral hemodynamic responses specific to thefurther clarify the functional anatomy of the areas along
different experimental conditions.the intraparietal sulcus, and clinical studies are now
All four conditions had the same time course: first, a black screenneeded that complement the functional imaging data
with a white fixation cross in the center and the German word “Ein-focusing on crossmodal shape processing deficits re-
pra¨gen!” ( “Encode!”) displayed above the cross was shown for
sulting from lesions to inferior parietal cortex. The exis- 1 s. Then, the first stimulus was presented for 5 s: subjects had
tence of hVIP and hAIP in man, however, already either to encode the object presented as a picture on the screen
(in VV and VT), or to encode the object by tactile exploration usingstrongly implies similarities in the anatomical and func-
their right hand (in TV and TT) while not being able to see the object.tional organization of the intraparietal sulcus between
During the encoding phase, volunteers had to fixate a white crossnonhuman primates and humans.
in the center of the screen; during visual object presentation, the
cross was directly placed on the depicted object without hiding
important features of the object. During tactile object presentation,Experimental Procedures
solely a black screen with a centered white cross was shown to the
subjects. The experimenter, who was present in the MR scanningSubjects
Twelve healthy, right-handed male volunteers (aged 19–34, mean room throughout the experiment, was triggered by a beep via head-
phones to place the object into the right hand of the volunteer. The25.8) with no history of neurological or psychiatric disease gave
informed consent. All subjects reported strong right hand preference subject’s hand rested in a supine position on a plastic pillow, and
a tape fixing the wrist to the scanner table reminded subjects notas measured by the Edinburgh Handedness Inventory (Oldfield,
1971). Only male subjects were tested in order to avoid gender- to move their arm during the scanning sessions. After receiving the
object, subjects immediately started the active tactile exploration.specific variation in brain size and shape, therefore improving spatial
Neuron
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The instruction was to actively palpate the objects using all five of the screen (visual angle 2  2). Additionally, eye movements
were monitored during the tasks by our technical assistants. Anfingers and the palmar surface of the right hand. Thus, the whole
hand was involved in the tactile object feature exploration. This ANOVA revealed no statistical significant difference (p  0.64) in
the fixation performance of subjects between conditions (fixationstrategy seemed to be superior for correct object matching com-
pared with slow and more passive palpations according to the re- time in the central square relative to the recording time: VV, 94.1%
[SD  3.9%]; VT, 91.2% [SD  5.4%]; TV, 92.5% [SD3.8%]; andsults of our preexperimental training sessions. At the end of the 5
s encoding period, the experimenter removed the object from the TT: 93.0% [SD  5.3%]).
subject’s hand, again being triggered by a beep (via headphones).
Then, a black screen with the white fixation cross and the German Image Processing
command “Antworten!” ( “Answer!”) was shown for 1 s. Subse- All calculations and image manipulations were performed on SPARC
quently, the object encoded before had to be recognized either 10 workstations (SUN Microsystems Computers, CA) using MATLAB
visually (in VV and TV) or tactually (in VT and TT). This time either 5 (The Mathworks Inc., Natick, MA) and SPM99 (Statistical Paramet-
the identical object or its similar but different counterpart was pre- ric Mapping software, SPM; Wellcome Department of Cognitive
sented for 5 s. In the visual recognition task, if the identical object Neurology, London, UK; http://www.fil.ion.ucl.ac.uk). SPM was used
was shown, the latter was shown from a different point of view to for image realignment, image normalization, smoothing, and to cre-
ensure that all conditions involved mental rotation. Likewise, in the ate statistical maps of significant regional BOLD (blood oxygen level
tactile recognition task, if the identical object had to be recognized, dependent) response changes.
the object was put into the subject’s hand in a different orientation. Transformed functional data was smoothed with a Gaussian ker-
The subjects were instructed to answer as quickly as possible nel using 6 mm (full-width half maximum, FWHM) for single subject
whether or not the object was identical to the object presented analyses, and 10 mm for group analysis in order to meet the statisti-
before. Responses were made by button press: a left index finger cal requirements of the theory of Gaussian fields presupposed by
button press indicated “yes, objects were identical,” and a left mid- the General Linear Model employed in SPM and to compensate for
dle finger button press indicated “no, objects were different.” As in interindividual variability in macro- and microanatomical structures
the encoding task, a fixation cross had to be fixated on the screen across subjects.
while trying to recognize the object in both modes. Accordingly,
subjects were asked to fixate during all conditions of interest. Eye
Statistical Analysismovements were recorded, and subjects were trained before scan-
Following spatial normalization and smoothing, statistical analysisning (see below). Each condition consisted of three encoding-recog-
was performed. Global means were normalized by proportional scal-nition cycles. In 50% of the trials, the pairs of objects presented
ing and onset vectors for each condition (i.e., each block) werewere identical. Subjects’ responses were recorded using a tapping
convolved with the hemodynamic response function (Friston et al.,apparatus in which the button press interrupted an optic fiber light
1995b). Repeated measures were collapsed within subject and ex-beam.
perimental run to give one scan per condition per run per subject.
The experimental conditions were then compared between sub-
Prescanning Training jects, thereby affecting a random effects model, allowing inference
All volunteers were trained for three reasons. First, we wanted the to the general population. Linear contrasts were applied on the
subjects to be familiar with the encoding/recognition procedures. parameter estimates for the experimental conditions resulting in a
As described above, we demonstrated how to tactually explore the t statistic for each voxel. These t statistics were transformed to Z
objects and how to answer in time. Second, we trained subjects to values and subsequently interpreted by referring to the probabilistic
fixate during all conditions and modes. Third, we were not interested behavior of Gaussian random fields. The extent threshold was set
in crossmodal learning effects. to 20 voxels for all contrasts. For the main effects, voxels were
identified as significant if they passed a height threshold of T 
Functional Magnetic Resonance Imaging (fMRI) 4.76 (p  0.05, corrected for multiple comparisons). The aim of
and Scanning Paradigm this hypothesis-driven study was, however, to identify the human
Functional MR images were acquired on a Siemens Vision 1.5 T equivalent of macaque anterior intraparietal area by exploiting its
whole-body scanner with echo planar imaging (EPI) capability. Stan- crossmodal characteristics. Thus, crossmodal activations over and
dard sequence parameter were used: gradient-echo EPI, TE  66 above those elicited by the two unimodal conditions were identified
ms, TR  4 s, flip angle  90, 30 axial slices of 4 mm thickness, employing conjunction analyses. Two conjunction analyses, each
0.3 interslice gap, field of view (FOV)  200 mm, and in-plane of them counterbalanced for each factor and level except for the
resolution  3.125  3.125 mm. The 30 slices covered the brain transfer of information (crossmodal versus intramodal), were ap-
from the vertex to upper parts of the cerebellum and were parallel plied: [VT  VV]  [TV  TT] and [VT  TT]  [TV  VV]. The
to the anterior and the posterior commissure (AC-PC line) as deter- combination of these two conjunctions ([VT  VV]  [TV  TT] 
mined by a midsagittal scout image. For all subjects, additional [VT TT] [VT VV]) was used to confirm the results of the simple
high-resolution anatomical images were acquired using the 3D MP- conjunctions. Accordingly, those voxels that were common to the
RAGE (magnetization-prepared, rapid acquisition gradient echo) se- two crossmodal tasks compared to the intramodal tasks underwent
quence with the following parameters: TE  4.4 ms, TR  11.4 ms, statistical analysis. Inclusive masking with the conjunction “single
flip angle  15, inversion time (TI)  300 ms, matrix  200  256, condition versus Baseline (B)” ([VV  B]  [VT  V]  [TV  B]
FOV  230 mm, and 128 sagittal slices of 1.33 mm thickness.  [TT  B]) prevented false-positive activations and ensured that
Each fMRI time series consisted of 225 images preceded by 4 significant voxels were also activated during VV  B since AIP is
dummy images allowing the MR scanner to reach a steady state. known to be responsive to pure visual fixation of an object without
Each of the four time series per subject comprised twelve cycles grasping it (“object-type visual dominant neurons”) (Sakata et al.
of a 36 s (9  TR) baseline period, and twelve cycles of a 36 s (9  1997). Since the a priori hypothesis only allows activations within
TR) activation period (four conditions, three repetitions), and ended the intraparietal cortex for AIP (assuming a certain degree of ana-
with an additional baseline (36 s) following the last activation. The tomical and functional similarity between macaques and humans),
order of conditions was counterbalanced between time series and we performed a ROI analysis on the intraparietal sulcus (left and
between subjects. right, search threshold, p  0.001, uncorrected). The activation in
left intraparietal sulcus (T  2.06) survived correction for multiple
comparisons (p  0.05, small volume correction [Worsley et al.,Eye Movement Recording and Analysis
We recorded eye movements of each subject using an infra-red 1996]), whereas no significant voxels were observed in the right
intraparietal sulcus (search threshold, p  0.001, uncorrected). Thevideo-based eye tracking device (ASL 504, fitted with a long-dis-
tance optics module; Applied Science Laboratories, Bedford, MA). region of interest was a sphere of 60 mm diameter directly centered
upon the intraparietal sulcus. The center of gravity (x  40, y Due to technical problems, only data from 11 of the 12 subjects
could be used for further analysis. We analyzed the duration of 40, z  42) was determined according to the mean Talairach
coordinates of the local maxima provided by previous studies whichfixation in a square around the fixation cross which covered 10%
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reported activations in anterior intraparietal cortex and which were association cortex infarction produce distinct somesthetic syn-
dromes. Neurology 43, 762–771.considered to correspond to area AIP (45, 35, 43 [Binkofski et
al., 1998]; 40, 40, 40 [Binkofski et al., 1999]; 37, 40,  47 Caselli, R.J. (1997). Tactile agnosia and disorders of tactile percep-
[Shikata et al., 2001]; 40, 44, 40 [Ja¨ncke et al., 2001]). The tion. In Behavioral Neurology and Neuropsychology, T.E. Feinberg
extent of the ROI was based upon macroanatomical data given by and M.J. Farah, eds. (New York: McGraw-Hill), pp. 277–288.
the atlas of Ono et al. (1990). Cohen, M.S., Kosslyn, S.M., Breiter, H.C., DiGirolamo, G.J., Thomp-
son, W.L., Anderson, A.K., Bookheimer, S.Y., Rosen, B.R., and Belli-
Localization of Activations veau, J.W. (1996). Changes in cortical activity during mental rotation:
The stereotactic coordinates of the pixels of local maxima were a mapping study using functional MRI. Brain 119, 89–100.
determined within areas of significant relative activity change asso-
Colby, C.L., and Duhamel, J.R. (1996). Spatial representations for
ciated with the different tasks. The anatomical localization was as-
action in parietal cortex. Brain Res. Cogn. Brain Res. 5, 105–115.
sessed by superimposition of significant activation clusters with the
Colby, C.L., Duhamel, J.R., and Goldberg, M.E. (1996). Visual, pre-group’s mean MR image composed of the subject’s individual MR
saccadic, and cognitive activation of single neurons in monkey lat-data sets which have been normalized and transformed into stan-
eral intraparietal area. J. Neurophysiol. 76, 2841–2852.dard stereotactic space (Talairach and Tournoux, 1988).
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